We examined interval timing -time perception in the seconds-to-minutes range -of the fear-inducing stimulus and the role of the amygdala in this phenomenon. Rats were initially trained to perform a temporal bisection task, in which their responses to levers A and B were reinforced following 2-s and 8-s tones, respectively. After acquisition, the rats were also presented with tones of intermediate durations and pressed one of the two levers to indicate whether the tone duration was closer to 2 or 8 s. Subsequently, the rats underwent differential fear conditioning, in which one frequency tone (conditioned stimulus; CS+) was paired with an electric foot shock, whereas another frequency tone (CS−) was presented alone. The rats were then infused with artificial cerebrospinal fluid (aCSF) or the GABA A agonist muscimol into the bilateral basolateral amygdala (BLA) before performing the bisection task with CS+ and CS−. In rats infused with aCSF, the psychophysical function shifted rightward in CS+ relative to that in CS−. Moreover, the point of subjective equality of the CS+ was higher than that of CS−, suggesting that the duration of the fear −CS was perceived as shorter than that of the neutral CS. However, muscimol infusion into the BLA abolished this difference, suggesting that BLA inactivation suppresses the effect of the fear −CS. Our results demonstrate that normal BLA activity is essential for fear-induced underestimation of time.
Introduction
Interval timing -time perception in the seconds-to-minutes rangeis crucial to many aspects of mammalian behavior [1] . For example, it plays an important role in optimal foraging [2] and associative learning [3] . Moreover, time appears to fly when we have fun, and slow down when we are bored. In accordance with these experiences, numerous studies have shown that interval timing is modulated by various emotions (e.g., fear) in humans [4] [5] [6] . Previous studies have addressed this phenomenon by examining the effect of fear-inducing stimulus on interval timing of a neutral stimulus [7] [8] [9] or by assessing interval timing of a fear-inducing stimulus itself [10] [11] [12] . Despite numerous demonstrations of this phenomenon, the neural mechanisms by which fear affects interval timing remain poorly elucidated because of ethical and methodological limitations of human studies. To fully understand the neural mechanisms underlying the phenomenon, animal studies are indispensable.
In animals (particularly in rats), several studies have investigated the effect of fear-inducing stimulus on interval timing [13] [14] [15] [16] [17] . A fearinducing stimulus that previously was paired with an electric foot shock during or before the to-be-timed stimulus produced a drastic underestimation of time in the peak interval (PI) procedure [13, 16, 17] . The other study showed that a fear-inducing stimulus prior to the to-betimed stimulus produced the impairment of timing sensitivity in the temporal bisection task [14] . In the latter study, rats were first trained to perform a temporal bisection task [18] , see also the following paragraph] with a to-be-timed tone. Subsequently, a light (conditioned stimulus; CS) was paired with an electric foot shock (unconditioned stimulus; US) (fear conditioning). During the test, the light-CS was presented just before the to-be-timed tone in half of the trials in the bisection task. These authors observed that the light-CS flattened the slope of the psychophysical function and concluded that fear-inducing CS impaired the sensitivity of interval timing [14] .
In contrast, we have investigated interval timing of a fear-inducing stimulus itself in rats and found that the duration of the stimulus was underestimated during a temporal bisection task [15] . This task comprised two training phases. During the first phase (two-signal training), a response to one of two levers (lever A) was reinforced following a short (i.e., 2.00 s) tone (i.e., the to-be-timed stimulus), whereas a response to the other lever (lever B) was reinforced after a long (i.e., https://doi.org/10.1016/j.bbr.2018.07.027 Received 23 March 2018; Received in revised form 13 July 2018; Accepted 27 July 2018 8.00 s) tone. In the second phase (seven-signal training), tones of intermediate durations (i.e., 2.52, 3.18, 4.00, 5.04, and 6.35 s; probe stimuli) were presented without reinforcement in addition to the reinforced 2.00-and 8.00-s tones (anchor stimuli). Rats judged whether the duration was closer to the short (2.00 s) or long (8.00 s) tone by pressing either lever A or B. When the response rate to lever B was plotted as a function of stimulus duration, the psychophysical function took an increasing sigmoidal shape. The point of subjective equality (PSE) was defined as the stimulus duration corresponding to the response rate of 0.50 to lever B. Subsequently, one frequency tone was paired with an electric foot shock (CS+), whereas the other frequency tone was presented alone (CS-). The rats were then tested on a temporal bisection task with these CS+ and CS− as to-be-timed stimuli. We observed an increase in the PSE of the CS+ relative to the CS−, suggesting that the duration of the fear-CS was underestimated [15] .
Previous studies have elucidated the neural mechanisms underlying the effect of fear on interval timing in rats [6] . Certain studies have shown that the insular cortex (IC) and prelimbic cortex are involved in this phenomenon [15, 16] . In addition, the amygdala may also mediate the effects of fear on interval timing [6] . First, this region has been implicated in various aspects of fear conditioning [19] [20] [21] [22] [23] [24] . Second, the lesioning or inactivation of the amygdala eliminated the effect of fearinducing stimulus on interval timing. A bilateral lesion of the central nucleus of the amygdala (CeA) abolished the fear-induced impairment of timing during a temporal bisection task [14] . On the other hand, the lesioning of the entire amygdala or basolateral amygdala (BLA), or inactivation of the entire amygdala reversed the fear-induced underestimation of time in PI procedure [17] . These results suggested the possibility that the amygdala, as well as the IC and prelimbic cortex, are involved in the effect of fear on the interval timing of the neutral stimulus.
However, the specific role of the amygdala in the effect of fear on interval timing remains unclear for at least two reasons. The first one is the unsuitableness of the experimental design used by [14] , and Exp. 1 and 2 of [17] . In the study by Faure et al., the CeA was irreversibly lesioned prior to the start of the experiment [14] . Similarly, in Exp. 1 and 2 of Meck & MacDonald's study, the entire amygdala or BLA was irreversibly lesioned before fear conditioning [17] . Therefore, we can propose an alternative hypothesis to explain the findings of these studies; the fear was not conditioned by the CS in the amygdala-lesioned rats. This hypothesis is supported by the finding that, during fear conditioning, the CeA-lesioned rats showed less freezing behavior than did sham-lesioned rats [14] , which is consistent with previous studies demonstrating the essential role of both BLA and CeA in the acquisition of cued-fear conditioning [20, [24] [25] [26] [27] . To exclude this hypothesis, the amygdala activity should not be altered during fear conditioning, and inhibition should be restricted to the phase of testing the effect of fear during a timing task. In this respect, Exp. 3 of [17] was appropriate because the neural activity of entire amygdala was inhibited only before the test session. The second reason is the relationship between fearinducing stimulus and to-be-timed stimulus; most animal studies cited above have investigated the effect of fear-inducing stimulus on the other to-be-timed stimulus [13, 14, 16 ]. As noted above, studies in humans have explored two alternatives: 1) the effect of fear-inducing stimulus on interval timing of a neutral stimulus and 2) assessing interval timing of a fear-inducing stimulus itself [7] . However, animal studies adopting the latter procedure are insufficient as far as we know. Although the study of Meck & MacDoanld indeed demonstrated timing behavior during the fear-inducing stimulus in certain figures [17] , it was not studied extensively. Therefore, in the present study, we examined the role of the amygdala in interval timing of the fear-inducing stimulus itself.
To fully understand the role of the amygdala in fear-induced modulation of interval timing, we infused the γ-aminobutyric acid A (GABA A ) receptor agonist muscimol into the bilateral BLA before testing. Here, we focused on the BLA because this region has been shown as necessary for the cued-fear expression [20, 21, 25, 28] . We hypothesized that (1) the PSE of the CS+ would be larger than that of the CS− in rats infused with artificial cerebrospinal fluid (aCSF) as previously reported [15] , and that (2) the difference in PSE between the CS types would not be observed in rats infused with muscimol into the BLA.
Materials and methods

Subjects
Sixteen naïve male Wistar albino rats (10 weeks old at the beginning of the experiment: Shimizu Laboratory Supplies, Kyoto, Japan) were individually housed in stainless steel cages under a 12-h light-dark cycle (lights on at 8:00 a.m.) with access to water ad libitum. Rats were maintained at 85% of their ad libitum weight by providing growth-adjusted amounts of chow. All experimental sessions were conducted during the light phase. All procedures involving the use of animals were approved by the Animal Research Committee of Doshisha University.
Surgery
Once the rats completed the two signal training (see Section 2.6.2), a stainless-guide cannula (22 gauge; Plastics One, Roanoke, VA, USA) was implanted into the bilateral amygdala. Briefly, rats were administered an injection of atropine (0.05%, 0.1 ml intraperitoneally [i.p.]) and anesthetized with sodium pentobarbital (64.8 mg/kg i.p.). They were then mounted on a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA), and stainless-guide cannulas fitted with dummy cannulas (28 gauge; Plastics One) were lowered bilaterally into the amygdala using the following stereotaxic coordinates: anteroposterior −2.8 mm to the bregma; mediolateral ± 4.8 mm; and dorsoventral −6.8 mm from the skull surface [29] . The cannulas were fixed using dental cement and two small screws. Rats were allowed to recover for ≥5 days after surgery.
Drug infusion
Drug infusion was performed immediately before testing (see Section 2.6.5). Muscimol (Tocris, Bristol, UK) was dissolved in aCSF (Tocris) to yield concentrations of 0.11 nmol/0.5μL. Rats were infused with either aCSF or muscimol solutions bilaterally via internal cannulas (28 gauge; Plastics One) attached to 100-μL Hamilton micro-syringes at a rate of 0.25 μL/min for 2 min using an infusion pump (ESP-32, Eicom, Kyoto, Japan). Cannulas were left in place for an additional 1 min to allow drug diffusion from the cannula tip. Twenty minutes after the end of drug infusions, the rats were subjected to testing.
Histology
After the behavioral tests, the rats were deeply anesthetized with sodium pentobarbital (129.6 mg/kg i.p.) and perfused intracardially with saline, followed by ALTFiX ® (FALMA, Tokyo, Japan). The brains were removed and sectioned coronally (40-μm thickness) with a cryostat (CM1850, Leica, Wetzlar, Germany). Sections were subsequently Nissl-stained with cresyl violet to assess the cannula tip locations.
Apparatus
Four identical standard operant chambers (context A; 190 × 210 × 190 mm) were enclosed in sound-attenuating boxes with a fan (65 dB), speaker (80 dB), and house light (25 W). Animals underwent pretraining and performed the temporal bisection task under context A. Each chamber consisted of an aluminum front wall (all remaining walls were Plexiglas) and a stainless-steel grid floor. The front wall was equipped with two retractable levers (Model RRL-1, Muromachi, Tokyo, Japan). A 45-mg pellet (#F0021-J, Bioserv, Flemington, NJ, USA) was delivered by a pellet dispenser (ENV-203-45, Med-Associates Inc., Fairfax, VT, USA) into a food cup that was equidistant from the two levers and placed at 10 mm above the grid floor. In order to ensure that rat's position remained consistent during each trial, two stainless barriers (6-cm high × 1.5-mm long) were attached to the front wall, which allowed responses to the lever only if the rat's body was perpendicular to the front wall.
Rats underwent differential fear conditioning under context B, that consisted in black side walls without lever insertions and a stainlesssteel grid floor (80 × 200 × 20 mm), used to deliver an electric foot shock, laid over the chamber floor of context A. Stimulus control and data collection were accomplished using custom-made software (Audio generator sequencer Version 2, Biomedica, Osaka, Japan).
Behavioral procedures
Behavioral procedures were similar to those described in our previous study [15] .
Pretraining
One magazine training session was conducted, in which 30 pellets were delivered every 30 s independently of the rat's behavior. Over the next 3 days, rats were trained to press the levers under a continuous reinforcement schedule until each of the two levers delivered 30 reinforcements (total: 60 reinforcements). Each session began with the onset of the house light and ended with its termination.
Two-signal training
For half of the rats, responses on the left lever following a 2.0-s tone (1000 Hz) was reinforced and those on the right lever following an 8.0-s tone were reinforced. For the remaining rats, the relationship between the tone duration and the levers (right or left) was reversed. Each trial began with the insertion of the lever that was assigned as correct for the 2.0-s duration tone for each rat. Following rat response, the lever was retracted and a 2.0-s or 8.0-s tone was presented randomly. Following the tone's termination, two levers were simultaneously inserted and immediately retracted after a lever response was given or 10 s had passed, whichever occurred first. If a rat responded correctly, a food pellet was immediately delivered; if the rat responded incorrectly, no food pellet was delivered. Lever retraction was followed by an intertrial interval (ITI) (average duration: 40 s, range: 30-50 s). Incorrect response or absence of response within 10 s (omission) were followed by a correction trial in which the tone was presented for the same duration as in the initial trial. The first five sessions were conducted as 100% forced-choice trials (presentation of the correct lever only, assigned as correct for the tones lasting presented for 2.0 or 8.0 s), whereas all subsequent sessions were 100% free-choice trials (both levers were presented). A total of 80 trials were conducted (40 trials for each tone duration). The side on which the response lever was located was recorded for each trial. The training continued until achieving the ≥85% accuracy of discrimination between tones of different durations for three consecutive sessions during the 100% free-choice sessions. All rats met this criterion for three consecutive sessions. Once the rats completed the two-signal training, stainless-guide cannulas were surgically implanted into the amygdala bilaterally (see Section 2.2). After post-surgical recovery, the rats underwent three additional free-choice sessions of two-signal retraining, followed by seven-signal training (see Section 2.6.3).
Seven-signal training
The conditions described under "two-signal training" were maintained except that (1) intermediate-duration tones (2.52, 3.18, 4.00, 5.04, and 6.35 s) were interspersed randomly with the 2.00-s or 8.00-s tones, (2) correction trials were not implemented after incorrect responses or omissions. The tone durations were selected according to represent equal log-value increments. In each session, tones lasting for 2.00 s or 8.00 s were presented for 15 trials each, whereas tones of intermediate durations were presented for eight trials each. The order of tone presentations of different durations was random. Rats did not receive reinforcement for responses to intermediate-duration tones, whereas correct responses following a 2.00-s or 8.00-s tone were reinforced as described under "two-signal training". During this phase, correction trials were not implemented after incorrect responses or omissions. A total of nine sessions consisting of 70 trials were conducted. The response lever side and the response latency from lever insertion were recorded for each trial. The rats were divided into two groups (aCSF or muscimol) based on their performance in the sevensignal training (i.e., the PSE and DL).
Differential fear conditioning
Rats were subjected to differential fear conditioning under context B. The CSs were 652-and 1633-Hz tones with durations equal to those experienced during seven-signal training. Although these CS durations were shorter than those typically used in fear conditioning studies, it has been shown that the 2.00-s CS is sufficient to elicit a conditioned response (CR) [30] [31] [32] . Each rat was subjected to five presentations of one frequency tone (CS+) paired with an electric foot shock (0.5 s, 0.4 mA; US) for each duration, whereas the other frequency tone (CS-) was presented alone for each duration in a random order. The CS + trials were accompanied by the US during the last 0.5 s of the tone. The tones were separated by random ITIs with an average duration of 40 s (range: 30-50 s). The relationship between the frequency of the tone and the US presentation was counterbalanced among the rats. A total of 70 trials were conducted (35 trials per frequency). Each rat underwent only one session of differential fear conditioning. Rat behavior was recorded using video camera.
Testing
The aim of the testing, conducted one day after differential fear conditioning, was to compare interval timing between the fear −CS (CS +) and the neutral CS (CS−). Before conducting the testing, rats were injected with aCSF or muscimol (aCSF n = 7, muscimol n = 6; see Section 2.3). The testing phase was identical to the seven-signal training, except that the to-be-timed stimuli were the CS-and CS + frequency tones used in the differential fear conditioning session. Therefore, responses to the intermediate-duration tones were not reinforced. The 2.00-and 8.00-s duration tones were presented for eight trials each, whereas intermediate-duration tones were presented for four trials for each CS. A total of 72 trials was presented in this phase. Only one testing session was conducted.
Data analysis 2.7.1. Differential fear conditioning
We analyzed rat behavior during the last of the five 8.00-s trials for each CS. Two evaluators blinded to the experimental conditions scored animal behavior during the last 7.5 s of the ITI before the presentation of the CS (preCS) and the first 7.5 s of the CS for each CS. During these periods, rats were evaluated as "moving" or "not moving" (every 0.5 s). The number of "moving" evaluations was recorded and defined as "score". The scores by two observers were averaged for each CS. We then calculated the suppression ratio using the following formula: score in CS / (score in preCS + score in CS). Values larger than 0.5 indicated increased activity during the CS period compared to the preCS period, while values lower than 0.5 indicated activity inhibition.
Temporal bisection task
For each rat, the proportion of responses to the lever assigned as correct for the 8.00-s ("long" lever) was calculated for each signal duration by dividing the number of responses to the "long" lever by the total number of trials of that duration. We denominated this proportion All values are expressed as mean ± SEM. The criterion for statistical significance was set at α = 0.05.
Results
Histology
Among the initial 16 rats, three were excluded from the analysis: one rat died, one lost its cannulas before testing, and one rat was excluded due to the placement of the cannula outside of the BLA. Fig. 1 shows the tip locations of the injection cannula tips in the rats included in the study (aCSF n = 7, muscimol n = 6). Fig. 3B shows the mean ± SEM DLs in both groups for the baseline. Again, an unpaired t-test revealed no significant differences [t (11) = 1.61, p = .135].
Acquisition of differential fear conditioning
Preliminary analyses revealed no effect of the CS + tone frequency; accordingly, the data were collapsed across this factor. The scores of two observers were positively and highly correlated (r = .81). Fig. 2B shows the mean suppression ratio of each CS. The suppression ratio of CS + was higher than that of CS-. A two-way ANOVA involving the between-subjects variable of infusion (aCSF or muscimol) and the within-subjects variable of CS type (CS-or CS+) revealed a significant main effect of CS type [F (1, 11) = 10.29, p = .008], but no main effect of infusion [F (1, 11) = 0.01, p = .909] and no interaction [F (1, 11) = 0.08, p = .774].
Muscimol infusion into the BLA abolishes the effect of the fear-CS
Preliminary analyses revealed no effect of the CS + tone frequency; accordingly, in testing, the data were collapsed across this factor. Fig. 4 shows the mean ± SEM p (long) values plotted as a function of the signal duration during testing. In the aCSF group, the psychophysical function in the CS + exhibited a rightward shift relative to that in the CS− (the left panel of Fig. 4) . A two-way ANOVA involving the withinsubjects variable of CS type (CS-or CS+) and duration (seven durations) for aCSF group revealed a significant interaction [F (6, 36) = 5.35, p < .001]. A simple main effect analysis revealed that the p (long) of CS+ was lower than that of CS-at 3. both groups of rats. In the aCSF group, the mean ± SEM R 2 value of the CS+ was 0.972 ± 0.017 and that of CS-was 0.943 ± 0.028. In the muscimol group, the mean ± SEM R 2 value of CS + was 0.964 ± 0.024 and that of CS-was 0.971 ± 0.015.
The rats infused with aCSF exhibited a larger PSE for the CS + than that for the CS-, whereas such a difference was not observed in the rats infused with muscimol (Fig. 3A) . A two-way ANOVA involving the between-subjects variable of infusion (aCSF or muscimol) and the within-subjects variable of CS (CS-or CS+) revealed no significant main effect of infusion [F (1, 11) = 2.57, p = .137] and CS [F (1, 11) = 2.36, p = .153] and no interaction [F (1, 11) = 4.24, p = .064]. We then compared the PSE of the CS+ with that of CS-in each group because we were interested in the difference between CS types in each group [15] . A paired t test with Holm's correction revealed that the PSE for CS + was significantly larger than for CS-in rats infused with aCSF [t (6) = 3.34, p = .016], but there was no difference between CS types in rats infused with muscimol [t (5) = 0.30, p = .779].
The difference between the CSs of the PSE in aCSF-infused rats during testing could be interpreted as an upward shift of the CS+, a downward shift of the CS-, or both [15] . In order to clarify this issue, we calculated the percentage change of the PSE for each CS relative to the last three sessions of seven-signal training (baseline). The mean ± SEM percent change of PSE for CS+, but not for CS-, was larger than baseline in the aCSF group (CS+ = 122.67 ± 9.12, CS-= 98.93 ± 5.98). One-sample t tests revealed that the percent change of the PSE of CS + was increased from baseline (100%), but that of CS-was not [CS +: t (6) = 2.49, p = .047; CS-: t (6) = 0.18, p = .864]. In contrast, the mean ± SEM percent change of PSE of CS + and CS-was similar to In order to determine whether muscimol infusion affected activity during testing, we analyzed response latencies and the percentage of omitted trials. Fig. 5 shows the mean ± SEM response latency plotted as a function of tone duration in both groups. The response latency did not differ with respect to infusion, CS type, or tone duration. A three-way ANOVA involving the between-subjects variable of infusion (aCSF or muscimol) and the within-subjects variables of CS type (CS-or CS+) and duration (seven durations) failed to reveal a significant main effect 
Discussion
In the present study, we examined interval timing of the fear-inducing stimulus in a temporal bisection task and the role of the BLA in this phenomenon. We observed that the psychophysical function of the CS + trials exhibited a rightward shift relative to that of the CS-trials (see Fig. 4 ). In accordance with this, the PSE for the CS + was higher than that for the CS-, although a CS type-dependent difference in DL was not observed (see Fig. 3A and B) . In contrast, inactivation of the BLA before testing suppressed the observed shift in psychophysical function and the increase in PSE for the CS+ (see Figs. 3A and 4 ).
In the current study, we found that the CS+ successfully evoked conditioned fear. The rats showed a higher suppression ratio for CS+ than CS-in differential fear conditioning (see Fig. 2B ). We previously reported similar results [15] . These results suggest that the rats were more active during CS+ than CS-during the fear-conditioning sessions. These findings appear to contradict the results of large number of studies that have shown freezing behavior of rats during CS presentation in the fear-conditioning session [e.g., 14, 33] . On the other hand, numerous studies have shown that presentation of a CS accompanied by Fig. 2 . Baseline performance of the temporal bisection task and differential fear conditioning did not differ between groups. (A) Mean ( ± SEM) p (long) as a function of duration in baseline for rats infused with aCSF (o) and muscimol (•). The dotted line represents the chance level. (B) Mean ( ± SEM) suppression ratio in the last 8.00-s trial of CS-(white bars) and CS+ (black bars) in differential fear conditioning for each group. The dotted line represents 0.5. The suppression ratio larger than 0.5 indicated that rat activity during the CS period was facilitated than the preCS period. *p < .05. Fig. 3 . Muscimol infusion into the BLA eliminated the increase in the point of subjective equality (PSE) of the CS + relative to CS-without affecting the differential limen (DL). Mean ( ± SEM) the PSE during baseline on the left, and during testing on the right in CS-(white bars) and CS+ (black bars) for each group (A) and the DL (B). *p < .05. an aversive US (e.g., foot shock) induces various fear-like behaviors [34] . Indeed, it has been shown that rats become more active during the CS period than the preCS period in the fear-conditioning session [35, 36] . Therefore, our finding is consistent with the results of the latter studies [35, 36] . The evidence that CS + produced activity rather than freezing may be a result of the startle response to the CS + onset and/or a kind of defensive behavior to reduce the pain of the foot shock, manifested as movement. Therefore, we believe that the pairing of a stimulus with a foot shock (CS+) effectively evoked conditioned fear.
We found that the duration of the CS+ (i.e., fear-CS) was underestimated and that this phenomenon is robust. We observed a rightward shift in the psychophysical function for the CS + relative to the CS-, along with a higher PSE for the CS+, but observed no differences in DL. These results are consistent with those of the previous studies in which interval timing of the fear-inducing CS itself was investigated [15] . Therefore, the robustness of this phenomenon has been confirmed. These replicable findings strongly suggest that a fear-CS induces underestimation of time (i.e., perceiving the duration as shorter). Moreover, our findings strengthen the generality of the fear effect on interval timing; irrespective of whether interval timing affected by the other fear-inducing stimulus or interval timing of the fear-inducing stimulus itself, fear induces an underestimation of time in animals. This interpretation is consistent with the results of previous studies indicating that fear-conditioning stimuli induce underestimation of time in humans [9] and rats [13, [15] [16] [17] , and may elicit attentional distraction from time perception [37, 38] . Although we observed fear-induced underestimation of time in the present study, whether this effect results from the change of latency of attentional switch or clock speed is unclear. According to scalar expectancy theory (SET) [39] , the emotion-related effect can be mainly interpreted by two mechanisms: 1) a speed up of the pacemaker mechanism and 2) an attention-switch mechanism. For example, the study by Fayolle et al. used four pairs of anchor stimuli (ranging from 0.2/ 0.8 s to 2.0/8.0 s) in the temporal bisection task, and reported the magnitude of the fear-induced overestimation of time was proportional to the duration range [8] . This result suggests that the fear-induced overestimation of time that they observed results from a speed up of the internal clock. On the other hand, the study by Grommet et al. used two pairs of anchor stimuli (0.25/1.00 s and 0.40/1.60 s) and reported the magnitude of the fear-induced overestimation of time was absolute between the anchor stimuli [10] . This result suggests that fear-induced overestimation of time that they observed results from short latency of attentional switch. To understand the mechanism by which fear affects interval timing in the framework of SET, one need to use the multiple pairs of anchor stimuli and compare the magnitude of the fear-induced change between durations, as mentioned above. However, we used only one pair of anchor durations (2.0/8/0 s) in the present study. This prevent us from concluding whether the fear-induced underestimation of time that we observed is absolute or proportional.
The direction of the effect of fear on interval timing may depend on whether it is a response to the presentation of an electric foot shock or the anticipation of an electric shock. As noted above, this study and our previous study showed that the duration of the fear-induing stimulus was underestimated [15] . Lake et al. demonstrated that durations are underestimated when preceded by the CS + relative to CS- [9] . Therefore, these studies are similar in that the direction of the effect of fear is the same (higher PSE). In contrast, Fayolle et al. reported that the presentation of an electric shock to a finger during the presentation of the to-be-timed stimulus produced a decrease of the PSE in the temporal bisection task in humans, which suggests overestimation of time; the earlier the electric shock was delivered, the more individuals overestimated [8] . On the other hand, one animal study demonstrated that the continuous presentation of a mild foot shock (0.2 mA) induced a decrease of the PSE in the temporal bisection task, suggesting overestimation of time [40] . Therefore, findings from our studies and Lake et al. seem to be opposite to the results of the Fayolle et al. and Meck studies [8, 40] . Recently, Cheng et al. pointed out that the overestimations of time reported by Fayolle et al. and Meck [8, 40] were essentially in response to the presentation of electric shock rather than the anticipation of shock [41] . Therefore, the fear-induced underestimation of time may result from the anticipation of shock. At this time, this interpretation may help us to understand the different effects of fear in the timing literature.
Moreover, the effect of a fear-inducing stimulus may depend on the intensity of the foot shock used in fear conditioning at least in studies using the temporal bisection task. Our findings, showing that the fear-CS induces underestimation of time contradicts the report that the fear-CS induced an impairment in sensitivity of timing during a temporal bisection task [14] . The other study showed that the continuous presentation of a foot shock during the temporal bisection task produces overestimation of time [40] . Differences among these studies may result from the variations in the intensity of a foot shock US; 0.8-mA foot shock was used in a previous report, while we used 0.4 mA (for details, see [15] ). The last study used 0.2 mA shock. Therefore, at least in the temporal bisection task, the effect of fear on interval timing may depend on the intensity of the electric foot shock. However, one should note that, as mentioned above, a distinction could be made between the anticipation of an aversive event signaled by an explicit CS [14, 15] versus the reaction to the delivery of the aversive event (electric foot shock) [41] .
We demonstrated that amygdala inactivation eliminates the effect of fear on interval timing not only in a PI procedure, but also in a temporal bisection task. As mentioned in Introduction, the experimental procedure used in the study by Faure et al., and Meck and MacDonald (Exp. 1 and 2) was not suitable for examining this issue because the amygdala had already been lesioned before fear conditioning. In contrast, we demonstrated that inactivation of the BLA before testing suppressed the rightward shift in psychophysical function and the increase of PSE for the CS + . In brief, BLA inactivation before testing eliminated the effects of the fear-CS during testing. Note that the difference observed between CS types in aCSF-, but not in muscimol-infused rats, cannot be attributed to differences in baseline performance of the temporal bisection task or to the degree of acquisition of differential fear conditioning. We observed no inter-group differences in the baseline performance of the task (see Fig. 2A ), or suppression ratio during differential fear conditioning (see Fig. 2B ). On the other hand, Exp. 3 of Meck & MacDonald showed that the inactivation of the entire amygdala before the test session abolished the effect of the fear-inducing stimulus on interval timing [17] . Therefore, our finding extended the previous work using the PI procedure [17, Exp. 3] by showing that amygdala inactivation before testing also eliminated the effect of fear in the temporal bisection task.
In the present study, it is unlikely that muscimol infusion exerted non-specific motor effects that impaired the performance of temporal bisection task. Muscimol has indeed been shown to impair musculoskeletal activity, so it could have interfered with motor function and, therefore, affected the performance. However, if muscimol had affected musculoskeletal activity during the task, then the response latencies and/or the percentage of omitted trials in the muscimol group during testing would have been higher than those in the aCSF group. Yet, no differences between the groups in the response latency or the percentage of omitted trials were observed (see Table 1 and Fig. 5 ). In addition, omitted trials were scarce (< 2%). Thus, we argue that non-specific motor dysfunction induced by muscimol cannot explain the present result. However, response latencies recorded in the current study (from 1.0 s to 1.5 s approximately) are long relative to other studies (< 1.0 s approximately) [42] [43] [44] . This may be explained by our experimental setup; as mentioned in Section 2.5, barriers were attached to the front wall of operant chambers in order to fix rat's position during each trial, which may have increased the response latency.
Amygdala inactivation did not influence interval timing per se, as the infusion of muscimol into the BLA had no effect on performance in the CS-trials (see Fig. 3A and B; the comparison between the white bars [227] [228] [229] [230] [231] [232] [233] [234] [235] in both the PSE and DL). This result is consistent with the findings of previous studies that revealed absence of amygdala involvement in interval timing during the PI procedure [17, 45, 46] . However, Faure et al. reported that lesion of the CeA decreased the sensitivity of timing during the performance of a temporal bisection task, which was abolished by training repetition [14] . This discrepancy between these studies might be attributable to the differences in experimental methods. For example, in Faure et al., the anchor stimuli of 2.4 vs. 6.7 s were used (stimuli ratio of 1:2.8), whereas our current study employed stimuli of 2 vs. 8 s (ratio of 1:4). Potentially, it is more difficult to discriminate stimuli with a smaller ratio; therefore, the amygdala may play a more active role in interval timing when the task is more difficult. Alternatively, the amygdala subnucleus may play a different role in interval timing as shown by Faure et al. who examined the role of the CeA [14] , while we investigated the role of the BLA. Future studies are needed to clarify these issues. Both BLA and IC [15] have been suggested to mediate fear-induced underestimation of time cooperatively, but through a different mechanism. A strong reciprocal connection was found between the BLA and the IC [47] . In the current study, we demonstrated that BLA inactivation eliminates the effect of the CS+, suggesting that BLA is important for the fear-induced underestimation of time. In contrast, our previous study demonstrated that IC inactivation with muscimol generalizes the effect of the CS + to the CS-, suggesting that the IC is important for distinguishing safe signal (CS-) from danger signal (CS+) [15] . Our interpretation is consistent with the evidence that the BLA is involved in cued-fear expression [20, 21, 25, 28] , whereas the IC is not required for fear expression [e.g., [48] [49] [50] [51] , but it is for acquired fear suppression (i.e., conditioned inhibition) [52] or stress-buffering effect of the safety stimulus [53, 54] .
Although this study did not address the mediating neural pathways through which fear modulates interval timing, we speculate that the amygdala-striatal pathway may underlie the process. The dorsal striatum is crucial for interval timing. Studies have shown that the lesioning or inactivation of the dorsal striatum disrupts optimal performance during timing tasks [55] [56] [57] . Moreover, there is a dense projection from the BLA to the dorsal striatum [58] . Recent review papers have also posited that this circuit may be important in the effect of fear on interval timing [59, 60] . This pathway was indeed shown to be important for the acquisition of new aversive temporal memory [61] . Therefore, the amygdala-striatal pathway may be crucial for the expression of the effect of fear on interval timing. Future studies need to investigate this hypothesis.
Taken together, our results demonstrate that the duration of the fear-inducing stimulus was underestimated in control rats. However, this phenomenon was eliminated when the BLA was inactivated. These results suggest that normal BLA activity modulates interval timing of the fear-inducing stimulus itself.
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